The search for advanced optical materials, in particular, materials with nonlinear optical responses, has, in the last years, experienced substantial growth due to their vast applications in the photonics field. One of those applications is ultra-fast optical frequency conversion, in the optics communications field. Organic compounds have emerged as promising candidates for raw materials to develop nonlinear optical devices, such as optical converters, due to their intrinsic ultra-fast electronic responses. Also, the easy tailoring of organic molecular structures makes organic materials much more appealing than the inorganic ones. In this work, we have performed a linear and nonlinear optical characterization of a set of dibenzylideneacetone derivatives. The nonlinear optical responses investigated correspond to second-and third-order nonlinear processes, namely, first electronic molecular hyperpolarizability and two-photon absorption cross-section, respectively. The value of the first electronic molecular hyperpolarizability, up to 52 cm 4 ·statvolt −1 , could be considered a robust value when compared to the short-sized π-electron backbone length of the studied compounds. Such results suggest that these compounds exhibit the potential to be used as optical frequency converters. Quantum chemical calculations were used to predict the theoretical value of the first molecular hyperpolarizability, as well as to simulate the one-and two-photon absorption spectra for all compounds.
Introduction
The evolution of optical communication networks demands the search and development of raw materials with particular types of nonlinear optical (NLO) properties with the potential to be used as optical communication devices. Frequency converters and optical limiters are two examples of NLO properties of interest to search for [1] [2] [3] [4] [5] . It is in this context that organic compounds have an important role as raw materials for developing photonic devices to be applied in optical communications. Such an important role is defined by their ease of synthesis, ultrafast-response time, low cost, and crystal growth [6, 7] . Moreover, organic compounds can also be tailored to have a broad spectral region of transparency in the visible region, which is crucial for applications in optical communications, such as all-optical signal processing and all-optical switching [8] .
One of the NLO effects responsible for frequency conversion is the second-harmonic generation (SHG) of the incident light. This effect can be quantified by the determination of the first-order hyperpolarizability of individual organic molecules. One way to optimize the SHG effect is to increase the electronic hyperpolarizability of the molecular structure, which can be achieved, for example, by increasing the π-conjugation length. It is legitimate to think that compounds with an extensive π-conjugation length would be the ideal raw compounds for potential frequency converters. However, larger molecules are generally more challenging to combine in a dense solid-state, such as a crystal [9] [10] [11] , representing a drawback to achieving the final photonic product. Another approach for improving the performance of the SHG response is to modify the charge density asymmetry of the compound by adding donor and acceptor peripherals groups on its molecular structure [12] [13] [14] . This latter approach probably will not be as effective in terms of achieving high values of polarizability, as is the case with increasing the π-conjugation length, but will overcome the issue of growth crystal, allowing one to reach a final product with more ease.
These strategies also cause changes in second-order hyperpolarizability, responsible for third-order nonlinear optical effects, such as the absorption of two photons. One of the likely applications of two-photon absorption (TPA) is optical limiting, which can be used as power regulation and protection devices in optical networks [15] [16] [17] [18] .
Previous works, both experimental and theoretical, have shown that dibenzylideneacetone derivatives have second-and third-order nonlinear optical properties of promising magnitude for photonic applications, such as optical frequency converters, optical switching, and optical limiting [19] [20] [21] [22] [23] . These compounds stand out for their high synthetic versatility, which allows new structures to be obtained and can serve as channels for the optimization of nonlinear optical properties. Moreover, the low coefficient of molar absorptivity in the visible (VIS) and near-infrared region (NIR), coupled with the ease of crystallization in the noncentrosymmetric form, makes these types of compounds potential candidates for nonresonant photonic applications [24] [25] [26] .
From this perspective, we report the second-and third-order nonlinear optical properties of the dibenzylideneacetone-substituted compounds in a dichloromethane solution. The first molecular hyperpolarizability (β) was obtained by using the hyper-Rayleigh scattering (HRS) technique, with a fixed excitation wavelength at the NIR. The experimental TPA cross-section (σ TPA ) spectra were measured with femtosecond pulses in the VIS region by the Z-scan technique. To further understand the nonlinear optical properties of the compounds, quantum chemical calculations (QCC) were made by employing the time-dependent density functional theory (TD-DFT) to calculate the components of tensor first molecular hyperpolarizability, as well as the transitions frequencies.
Materials and Methods

Compounds
The molecular structures of the studied samples are shown in Figure 1 . The synthesis procedure for every sample was the following: into a round-bottom flask, a solution of the aromatic aldehyde (2-methoxybenzaldehyde: 1.20 mL; 4-methoxybenzaldehyde: 1.22 mL; 4-fluorobenzaldehyde: 0.79 mL, 10 mmol) in ethanol (10 mL) was added to a solution of acetone (0.29 g, 5 mmol) in sodium hydroxide (0.40 g, 10 mmol) in ethanol (10 mL) at 0 • C and allowed to come to room temperature. The reaction mixture was stirred between 15 to 60 min and monitored by thinlayer chromatography (TLC) to confirm the consumption of the starting material. The precipitate was filtered and/or a portion of cold mixture of ethanol/water added to force the recrystallization and to yield dibenzylideneacetone (DBA) derivatives (4-DMDBA: 91% yield, 1.34 g, 4.55 mmol; 2-DMDBA: 56% yield, 0.82 g, 2.79 mmol; 4-DFDBA: 92% yield, 1.24 g, 4.59 mmol, respectively). The samples were characterized by nuclear magnetic resonance (NMR) spectroscopies. The 1 H NMR (500 MHz) and 13 C NMR (125 MHz) spectra were recorded as solutions in deuterated chloroform (CDCl3) on a Bruker spectrometer. The chemical shifts were expressed as δ (in ppm) with respect to a standard internal tetramethylsilane (TMS) reference ( 1 H NMR). The full data regarding NMR spectroscopy can be found in the Supplementary Material. 
Optical Measurements
All samples were dissolved in dichloromethane in a concentration of about 10 −5 mol L −1 and stored in 10-mm thick fused quartz cuvettes, which were used to perform the linear optical measurements, such as the absorbance and the fluorescence emissions. Regarding the nonlinear optical measurements, the same optical path cuvette was used to determine the βHRS of the DBA derivatives, but with different molar concentrations ranging from 10 μM to 50 μM. A short optical path cuvette (2-mm) was used to achieve the TPA, with a molar concentration of 50 μM.
A UV-VIS spectrophotometer (Shimadzu UV-1800) was used to record the absorbance of the samples, i.e., their one-photon absorption (OPA). A fluorescence spectrophotometer (Hitachi F4500) was used to measure the fluorescence emissions of all samples, but no shreds of evidence of any emission signals were observed.
To obtain the βHRS of the DBA derivatives dissolved in dichloromethane, we used an extension of the HRS technique introduced by Franzen et al. [27] . The light source employed was a solid-state laser (Nd:YAG), Q-switched and mode-locked laser operating at 1064 nm, with a repetition rate of 300 Hz. The system provides a light beam shaped by a pulse-train with about 30 pulses, in which every single pulse has an full width at half maximum (FWHM) of 100 ps, separated by approximately 13 ns. To prevent the sample from being exposed for a long time to the laser light, we used a computer-controlled shutter to block the laser beam during the dark count rate evaluation, as well as after the HRS measurements. Two crossed polarizers controlled the light beam pumping intensity, while a fast photomultiplier tube (PMT) placed perpendicularly to the pumping beam direction acquired the HRS signal. To improve the signal-to-noise ratio, a spherical mirror was used to collect the backscattering HRS light and direct it to the PMT. A 532 nm narrow bandpass filter, with a 10 nm bandwidth, was used to make sure that only the SHG signal to be detected by the PMT. More details about the experimental setup can be found elsewhere [27] [28] [29] .
Assuming that all molecules of a binary solution (solute-solvent) do not have any absorption at the fundamental pumping frequency (Iω), it is accepted that the magnitude of the scattered signal at double-frequency (I2ω) ia related to Iω by Equation (1) [30] . G is a coefficient related to the scattering geometry, local field factors at ω and 2ω, as well as other optical and experimental conditions. N corresponds to the fractional concentration of the used samples, while 〈 〉 is the squared value of the orientationally-averaged first molecular hyperpolarizability. The subscripts s and m refer to the solvent and molecule (solute) investigated, respectively.
Experimental parameters such as the polarization state of both fundamental and secondharmonic beams, the molecular symmetry, and the geometry of the experimental setup [31] , are essential parameters needed to obtain the most reliable relation between the 〈 〉 and the molecular tensor components 〈 〉. In the HRS experiment conducted in this work, the signal on frequency- 
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Assuming that all molecules of a binary solution (solute-solvent) do not have any absorption at the fundamental pumping frequency (I ω ), it is accepted that the magnitude of the scattered signal at double-frequency (I 2ω ) ia related to I ω by Equation (1) [30] . G is a coefficient related to the scattering geometry, local field factors at ω and 2ω, as well as other optical and experimental conditions. N corresponds to the fractional concentration of the used samples, while β 2 HRS is the squared value of the orientationally-averaged first molecular hyperpolarizability. The subscripts s and m refer to the solvent and molecule (solute) investigated, respectively.
Experimental parameters such as the polarization state of both fundamental and second-harmonic beams, the molecular symmetry, and the geometry of the experimental setup [31] , are essential parameters needed to obtain the most reliable relation between the β 2 HRS and the molecular tensor components β ijk . In the HRS experiment conducted in this work, the signal on frequency-doubled light scattered was collected under an angle of 90 • to the pumping light beam. In this situation, we can assume that the incident light beam propagation is in the X-direction, polarized in the Z-direction, and detected in Y-direction. The dependence between the β HRS and the orientationally macroscopic hyperpolarizabilities averaged are given by the Equation (2) [32] . The laboratory coordinate system of reference was defined by the coordinates (X, Y, Z), while the molecular coordinate system of reference was defined by (x, y, z). Assuming that the fundamental and second-harmonic frequencies are far from the resonance frequencies, then Kleinman's symmetry condition can be applied. In this situation, the macroscopic hyperpolarizabilities averages β 2 ZZZ and β 2 ZXX can be determined by using Equations (2a) and (2b), respectively [33] .
The experimental determination of the two-photon absorption spectra of the DBA derivatives dissolved in dichloromethane was achieved by using a wavelength-tunable femtosecond Z-scan technique on the open-aperture mode [34] . The samples were excited by 120 fs pulses from an optical parametric amplifier (Quantronix, model TOPAS) pumped by a Ti:Sapphire pulse amplified laser system (775 nm and 1 kHz repetition rate), allowing wavelength tuning from 480 up to 790 nm. A spatial filter was placed in the output of the optical parametric amplifier, but before sample excitation, provided a Gaussian beam spatial profile excitation light beam. A more detailed description related to the experimental setup can be found in reference [28] .
Assuming that the excitation beam has a Gaussian temporal profile, the relation between the normalized transmittance and sample position measured through Z-scan technique is given by [34] : 
Theoretical
The OPA and the TPA spectra, as well as the values of the β HRS , were calculated by using quantum-chemical calculations (QCC) performed with the time-dependent density functional theory (TD-DFT) [35] for the OPA/TPA, while the DFT [36] was used for the calculation of the β HRS tensor components. Three families of methods, combined with one split-valence basis set, were used to simulate and predict the linear and nonlinear optical responses by using the Gaussian 16 program package [37] . The exchange-correlation functional Becke, three-parameter, and Lee-Yang-Parr (B3LYP) [38] , as well as its long-range corrected version, which includes the Coulomb-attenuating method (CAM-B3LYP) [39] , were used. Moreover, a variation of a hybrid functional by Truhlar and Zhao (M06-2X) [40] , which optimized the prediction of non-covalent interactions, was also used. A split-valence basis set with one additional polarization function for non-hydrogen atoms, one additional polarization function on hydrogen atoms, and with diffuse functions on non-hydrogen atoms (6- 311++(2d,p) ), was applied together with the families of methods described previously. Geometry optimization calculations were performed in dichloromethane medium employing a polarizable continuum model (PCM), using the integral Equation formalism variant (IEF-PCM) [41] . All optimized geometries are presented in the Supplementary Material (Tables S1 and S2).
The simulation of the static (ω = 0 a.u.) and dynamic (ω = 0.04282 a.u.) components of the first-order hyperpolarizability tensor (β ijk ) in solvent were achieved through the combination of the keywords POLAR and CPHF, by using the optimized geometries. For molecular structures with very low symmetry, the hyperpolarizability tensor could be estimated more accurately by using the mixed spherical-Cartesian formalism [42] . In this formalism, the orientational averaged first-order hyperpolarizability squared β HRS is expressed by Equation (4), in which the molecular β HRS tensor (third rank tensor) is decomposed as the sum of dipolar (J = 1) and an octupolar (J = 3) tensorial components [33] . The relationships between the dipolar and octupolar components and the Cartesian components of β are described in Equations (4a) and (4b). A combination of Equations (4), (4a) and (4b) was used to estimate the theoretical values for the static and dynamic first-order hyperpolarizabilities.
Time-dependent (TD) calculations were performed to simulate the OPA/TPA by using the optimized geometries. Tamm-Dancoff approximation (TDA) [43] was used to calculate the transition dipole moments from the ground state to the excited states, transition dipole moments between excited states, and the permanent dipole moments in the ground state and excited states, in order to obtain the dipole moments difference and the excitation energies. The spectral shape of the simulated spectra was obtained by using the sum-over-states (SOS) method reported previously [44] . The lowest fifteen excited states used to simulate the OPA/TPA spectra are shown in the Supplementary Material (Tables S3-S6 ).
Results and Discussion
First Molecular Hyperpolarizability
The OPA spectra of all DBA derivatives in dichloromethane solvent medium presented a broad band in the UV region with a molar absorption coefficient (ε) of about 2 to 2.5 × 10 4 ·M −1 ·cm −1 , as can be seen in Figure 2 . The ε value is neglible for wavelengths longer than 450 nm, making these samples extremely suitable for HRS measurement when pumped with a pulsed laser at 1064 nm. Figure 3 shows the HRS signal (I(2ω)) of the compound 4-DMDBA for five different concentrations as a function of the pumping intensity (I(ω)). In addition, the linear dependence was observed between the relation I(2ω)/I 2 (ω) and the sample concentration, as can be seen in inset of Figure 3 . In this work, we use the external reference method to obtain the experimental factor G, in which the reference compound chosen was the para-nitroaniline (PNA). The β HRS value of the PNA is approximately 17 × 10 −30 cm 4 statvolt −1 in dichloromethane [45] . From the experimental results, the first molecular hyperpolarizability can be obtained through Equation (5), which relates the angular coefficient (α) of the samples with the one obtained from reference compound. The linear fitting presented in the inset of Figure 3 Due to the same π-conjugated core-chain length of the studied samples, i.e., dibenzylideneacetone, the majority changes in the βHRS value are associated with the action and position of its peripherals groups. The highest βHRS value obtained was the 4-DMDBA compound, which is three times higher than the reference compound, justified by the para-position of the Due to the same π-conjugated core-chain length of the studied samples, i.e., dibenzylideneacetone, the majority changes in the βHRS value are associated with the action and position of its peripherals groups. The highest βHRS value obtained was the 4-DMDBA compound, which is three times higher than the reference compound, justified by the para-position of the Due to the same π-conjugated core-chain length of the studied samples, i.e., dibenzylideneacetone, the majority changes in the β HRS value are associated with the action and position of its peripherals groups. The highest β HRS value obtained was the 4-DMDBA compound, which is three times higher than the reference compound, justified by the para-position of the methoxy group. Compound 2-DMDBA presents a β HRS value lower than the 4-DMDBA, because the methoxy group is in orto-position, but still around two times higher than the reference compound. Similar compounds tend to change their NLO response magnitude with the position of the substituents on the phenyl ring. Such an effect was previously studied and confirmed elsewhere [46, 47] . In those studies, the methoxy group influenced the NLO response when placed in different positions (para, ortho, and meta) of the phenyl ring, achieving the highest response when placed in the para-position of the phenyl ring. Such a tendency was also observed in the current work. Compound 4-DFDBA presented the lowest β HRS value, around three times smaller than the 4-DMDBA. Such a difference was expected, as that the methoxy group is a stronger electron donor compared to the fluor group [48] , resulting in a decrease of the delocalization of the electron cloud.
The theoretical results obtained by the QCC for both the static (β HRS (0;0,0)) and dynamic (β HRS (−2ω;ω,ω)) first molecular hyperpolarizability of the samples in dichloromethane medium are shown in Figure 4 . From comparison with the theoretical and experimental results, a good agreement was observed for the dynamic first molecular hyperpolarizability, in particular when it is taken into account the experimental error (20%) in HRS measurement. Compound 4-DFDBA presented the lowest βHRS value, around three times smaller than the 4-DMDBA. Such a difference was expected, as that the methoxy group is a stronger electron donor compared to the fluor group [48] , resulting in a decrease of the delocalization of the electron cloud. The theoretical results obtained by the QCC for both the static (βHRS(0;0,0)) and dynamic (βHRS(−2ω;ω,ω)) first molecular hyperpolarizability of the samples in dichloromethane medium are shown in Figure 4 . From comparison with the theoretical and experimental results, a good agreement was observed for the dynamic first molecular hyperpolarizability, in particular when it is taken into account the experimental error (20%) in HRS measurement. In fact, the comparison between the measured βHRS values of the studied compounds with similar ones reported previously, such as chalcones derivatives [28] , oxazoles dyes [29] , and dibenzylideneacetones derivatives with different substituents [49] , reveals the potential of using the current compounds as frequency converters. For example, the reported βHRS value of a compound from the same molecular structure family (1E,4E)-1,5-bis(4-bromophenyl)penta-1,4-dien-3-one was 25 × 10 −30 ·cm 4 ·statvolt −1 [49] , which is, two times lower than the value obtained for the 4-DMDBA. Another example, an oxazole derivative 4-((5-phenyloxazol-2-yl)ethynyl)benzonitrile [29] , with a longer π-electron backbone length presented a value of 45 × 10 −30 ·cm 4 ·statvolt −1 , which still is lower than the 4-DMDBA.
Two-Photon Absorption
The broad shape of the absorption band suggests that two electronic transitions were superimposed. Spectral decomposition with Gaussian band-shape ( Figure 5 ) revealed the absorption band consists of the two components centered at 3.36 eV (369 nm) and 3.75 eV (330 nm) for 4-DMDBA, at 3.50 eV (354 nm) and 4.12 eV (301 nm) for 2-DMDBA, and at 3.67 eV (338 nm) and 4.11 eV (302 nm) for 4-DFDBA. The TPA spectra of all DBA derivatives are also presented in Figure 5 , showing a σ TPA maximum value of 39 GM at 660 nm for 4-DMDBA, 32 GM at 580 nm for 2-DMDBA, and 20 GM at 600 nm for 4-DFDBA. In fact, the comparison between the measured β HRS values of the studied compounds with similar ones reported previously, such as chalcones derivatives [28] , oxazoles dyes [29] , and dibenzylideneacetones derivatives with different substituents [49] , reveals the potential of using the current compounds as frequency converters. For example, the reported β HRS value of a compound from the same molecular structure family (1E,4E)-1,5-bis(4-bromophenyl)penta-1,4-dien-3-one was 25 × 10 −30 ·cm 4 ·statvolt −1 [49] , which is, two times lower than the value obtained for the 4-DMDBA. Another example, an oxazole derivative 4-((5-phenyloxazol-2-yl)ethynyl)benzonitrile [29] , with a longer π-electron backbone length presented a value of 45 × 10 −30 ·cm 4 ·statvolt −1 , which still is lower than the 4-DMDBA.
The broad shape of the absorption band suggests that two electronic transitions were superimposed. Spectral decomposition with Gaussian band-shape ( Figure 5 ) revealed the absorption band consists of the two components centered at 3.36 eV (369 nm) and 3.75 eV (330 nm) for 4-DMDBA, at 3.50 eV (354 nm) and 4.12 eV (301 nm) for 2-DMDBA, and at 3.67 eV (338 nm) and 4.11 eV (302 nm) for 4-DFDBA. The TPA spectra of all DBA derivatives are also presented in Figure 5 , showing a σ TPA maximum value of 39 GM at 660 nm for 4-DMDBA, 32 GM at 580 nm for 2-DMDBA, and 20 GM at 600 nm for 4-DFDBA. To further interpret the TPA spectra, the sum-over-states (SOS) approach was used to fit the experimental spectra (red lines in Figure 5 ). In this work, the samples studied presented a molecular structure close to a linear molecule and were approximately centrosymmetric (or centrosymmetriclike), making only the contribution of the three-state relevant for the TPA spectra. The following is the TPA cross-section ( ) spectrum as explained by Equation (6) for one intermediate state (k) and three destination states (f, f′, f″) [50] :
in which ω is the pumping frequency, is the speed of light, ℎ is the Planck constant, L is the Onsager local field factor, and n is the refraction index (in which n = 1.424 for dichloromethane). The spectroscopic parameters, , , and correspond to transition frequency, damping constant, and transition dipole moments, respectively, of the → transition ( = 0, and = , , , ′′). Most of the parameters in Equation (6) were obtained from OPA spectra, such as the transitions frequency and damping constants. In addition, the transition dipole moment ( ) between the ground and the k excited state can be estimated from OPA spectra using [51] . To further interpret the TPA spectra, the sum-over-states (SOS) approach was used to fit the experimental spectra (red lines in Figure 5 ). In this work, the samples studied presented a molecular structure close to a linear molecule and were approximately centrosymmetric (or centrosymmetric-like), making only the contribution of the three-state relevant for the TPA spectra. The following is the TPA cross-section (σ TPA ) spectrum as explained by Equation (6) for one intermediate state (k) and three destination states (f, f , f ") [50] :
in which ω is the pumping frequency, c is the speed of light, h is the Planck constant, L is the Onsager local field factor, and n is the refraction index (in which n = 1.424 for dichloromethane). The spectroscopic parameters, ω ij , Γ ij , and µ ij correspond to transition frequency, damping constant, and transition dipole moments, respectively, of the i → j transition (i = 0, k and j = k, f , f , f ). Most of the parameters in Equation (6) were obtained from OPA spectra, such as the transitions frequency and damping constants. In addition, the transition dipole moment (µ 0k ) between the ground and the k excited state can be estimated from OPA spectra using [51] .
in which, N is the number of molecules per cm 3 and α is the absorption coefficient in cm −1 . The transition dipole moments between the excited states (µ k f , µ k f , and µ k f ) could not be obtained directly from the experiments and were determined as adjustable parameters and retrieved by the SOS approach. Table S6 in the Supplementary Material summarizes the spectroscopic parameters provided by the SOS fitting of all compounds. Both simulated OPA and TPA spectra, using the functionals CAM-B3LYP, B3LYP, and M06-2X, are shown in Figure 6 , as well as their corresponding experimental spectra. The difference of magnitude between the experimental and theoretical OPA/TPA spectra is well known and has been widely discussed elsewhere [52] [53] [54] .
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Both simulated OPA and TPA spectra, using the functionals CAM-B3LYP, B3LYP, and M06-2X, are shown in Figure 6 , as well as their corresponding experimental spectra. The difference of magnitude between the experimental and theoretical OPA/TPA spectra is well known and has been widely discussed elsewhere [52] [53] [54] . The TPA study presented here shows that all studied samples exhibit a negligible σ TPA in the IR spectral region. Based on that, no vertical excitation of any order, nor any radiative process, is expected to occur in the spectral region of interest (1064 nm), except for the HRS process. Consequently, no additional correction is needed to obtain a reliable first molecular hyperpolarizability. In summary, the negligible σ TPA for wavelengths longer than 800 nm suggests that the highest contribution for the HRS response are the electronic effects, whereas the vibrational contribution plays a small role [55] . On the other hand, it also reveals that these types of compounds are not suitable for optical limitation in the IR region. Moreover, the moderate values of σ TPA up to 40 GM in the VIS region do not mark these compounds as potential candidates for optical limitation in the VIS region.
Conclusions
The nonlinear optical study of three dibenzylideneacetone derivatives, with a short-sized π-electron backbone length, in a dichloromethane solution, is presented in this work. The magnitude of the second-order nonlinear optical response of the studied compounds showed β HRS values of up to 52·cm 4 ·statvolt −1 , a robust value considering its short conjugation, revealing its potential to convert infrared light into visible light. The third-order nonlinear optical response, i.e., the TPA, allowed us to confirm that the β HRS values obtained have their highest contribution due to electronic effects from the HRS response. On the other hand, the negligible σ TPA values in the optical region of interest (1064 nm) show that these types of compounds are not suitable for use as optical limiters in this spectral region. In summary, this work shows the potential of dibenzylideneacetone derivatives to be used as raw materials to develop optical frequency conversion photonic devices, in particular, the compound 4-DMDBA, which presented a β HRS value three times higher than the reference compound (PNA).
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